The potent anti-diabetic biguanide metformin is an oral antihyperglycaemic drug that is extensively used in the treatment of diabetes mellitus. The ability of metformin to lower blood glucose concentration via a decrease in hepatic glucose production is predominantly attributed to an improvement of the peripheral tissue sensitivity to insulin [1, 2] . However, and despite its widespread use, the mechanism of metformin action still remains poorly understood at the cellular level.
Summary Xenopus laevis oocytes were chosen as the in vitro model for this study with the aim of reconsidering metformin action on the main insulin-responsive glucose pathway. Metformin alone, when present at a therapeutic dose (20 mmol/l) in the incubation medium, did not alter the basal rate of glucose uptake or of glycogen synthesis as measured by [U- 14 C] Dglucose incorporation. The drug had no effect on the main rate-limiting enzyme implicated in this pathway, i. e. glycogen synthase. In contrast, when combined with 2 mmol/l insulin, metformin led to a specific rise of both free and stored glucose, by 42.4 and 102.3 % respectively. Moreoever, a short-term preincubation of mature oocytes with metformin, but in the absence of glucose, enhanced significantly the amount of synthase a when stimulated by 50 nmol/l insulin (basal 17.4 ± 5.7 %, metformin 21.3 ± 4.1 %, insulin 31.2 ± 4.6 %, metformin together with insulin 62.7 ± 4.2 %, p < 0.005, n = 5). Interestingly, the microinjection of this biguanide, at a final concentration of 20 nmol/l, allowed a similar biochemical response. These data clearly suggest that metformin could act primarily at postreceptor steps which are thought to be key sites in controlling the cellular glucose homeostasis. [Diabetologia (1998) 41: 2--8]
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insulin action on oocyte maturation, without changing insulin binding. More recently, two other groups of researchers [10, 11] strengthened this observation by demonstrating that, combined with the hormone, metformin was able to stimulate insulin action in two ways: it enhanced in a dose-dependent manner the rate at which insulin induces oocytes to undergo meiosis and it stimulated the number of cells that respond to insulin by increasing the final percentage of germinal vesicle breakdown (GVBD). Microinjection of metformin into oocyte (120 nmol/cell) also amplified insulin-mediated GVBD, even if the intensity of the process was inferior to that observed in eggs incubated in the presence of metformin associated with the hormone. On the other hand, previous studies from our laboratory showed that some metabolic events involved in the regulation of glycogen biosynthesis are concomitant with the mitogenesis triggered after hormonal induction [12] . These results suggest that the mechanisms set up by insulin to activate glycogenesis rely on a cascade of enzymatic reactions that generate the appropriate conditions required for activation of glycogen synthase (GS), the enzyme which catalyses the rate-limiting step of this metabolic chain [13, 14] . Regarding the mode of action of metformin on this pathway little information is actually reported. Nevertheless, in the light of preliminary findings on maturation and of our own observations on oocyte metabolism, it is likely that metformin may act by modulating one or several specific targets of insulin probably located inside the cell and which could affect not only the growth process as effectively demonstrated but also the biochemical pathways depending on insulin, the most relevant among them being presumably the storage of glucose as glycogen.
In this context, the goal of the present study was twofold. First, we checked the validity of the hypothesis according to which metformin is able to potentiate therapeutically both the uptake of glucose and the biosynthesis of glycogen, depending on the presence or absence of insulin. A second approach was to examine the impact of the drug, added to the incubation medium or directly microinjected into Xenopus oocytes, on GS activity, since insulin-mediated glycogenesis is under tight regulation of this enzyme. [15] . For the present studies, eggs in stages III, IV and V, VI were chosen. After this selection, the oocytes underwent a treatment with 2 mg/ml collagenase in Ca 2+ -free MBS, either for 2 h at ambient temperature or overnight in a cold room, in order to remove the surrounding follicle cells and remaining membrane fragments. The removal of calcium ions from the physiological solution was required to avoid activation of other proteases associated with the preparation of collagenase. Once selected and treated, the eggs were thoroughly rinsed in MBS.
Materials and methods

Materials
Oocyte glycogenesis experiments. Groups of 10 to 60 maturating oocytes (corresponding to stages III and IV) were first preincubated for 90 min at room temperature in 2 ml MBS containing either 20 mmol/l metformin combined with 2 mmol/l insulin or each of both substances separately at the same concentrations. A control experiment was performed by incubating the eggs in 2 ml MBS for 90 min. Afterwards, 2 mmol/l D-[U- 14 C] glucose (287 mCi/mmol) was added in the control and test tubes, and the oocytes were incubated for 60 more min. The reaction was stopped by rapidly washing the oocytes twice in 10 ml of ice-cold fresh MBS. The cells were then solubilized in 1 ml of 2.5 % SDS. Aliquots from the lysat were taken for determination of the total intracellular radioactivity. Rates of glycogenesis were estimated by measuring the radioactivity incorporated into glycogen from D-[U- 14 C] glucose present in the final incubation. Glycogen was precipitated on 2 × 2 cm Whatman ET31 filter paper in the presence of 66 % (v/v) cold ethanol. This was followed by two washes of 20 min each in the same solution. Radioactivity associated with glycogen was then calculated by liquid scintillation counting (Beckman Instruments, Fullerton, Calif., USA).
Kinetic analysis of hexose uptake. Groups of 8 to 20 oocytes were transferred into 2 ml of MBS either alone or containing insulin in the absence or presence of metformin. After incubation for 90 min at room temperature, 3-O -methyl-D-[U- 14 C] glucose (325 mCi/mmol) was added at various concentrations for a further 10 min. The reaction was stopped and the intracellular radioactivity was determined as described above. Lineweaver-Burk form was used to calculate both V max and K m .
Glycogen synthase assay. Experiments, intended to test the possible link of metformin to insulin-induced GS activity, were carried out on full-grown oocytes (stages V and VI) according to the same procedure as above, except that glucose was removed from the incubation medium, and oocytes were disrupted at 4°C by sonication (Virsonic model n°150; The Virtis Co., Inc, Gardiner, N. Y., USA) in 1 ml of appropriate buffer (in mmol/l: 50 Tris pH 7.8, 5 EDTA, 250 sucrose). After homogenization in glass tubes, the samples were centrifuged at 16 000 g for 15 min at 4°C. The GS activity of each extract was then assayed following a method previously described [16] (287 mCi/mmol) and 1 % glycogen). This mixture was incubated for 10--15 min at 30°C and the reaction was stopped by spotting aliquots onto 2 × 2 cm Whatman ET31 filter papers, which were immediately immersed in a 66 % ethanol cold bath. The washing solution was changed two or three times over 1 h. The papers were then rinsed in acetone, dried, placed into vials containing 4 ml of scintillant liquid Aqualuma and the radioactivity was measured in a scintillation counter. Total GS activity was measured in the presence of 7 mmol/l glucose 6-phosphate, whereas the active form (or a -form) of GS was assayed in the presence of 10 mmol/l Na 2 SO 4 . The activity of both total and a -forms was expressed in nanomoles of D-[U- 14 C] glucose incorporated into glycogen per hour and per g of wet weight. The a -form (also called synthase a ) activity was also expressed as a percentage of the total enzyme activity.
Microinjection of metformin. The type of apparatus used for microinjection experiments consisted of a micromanipulator (Leitz, Wetzlar, Germany) combined with an injection system [17] . Injection needles were pulled with a Micro Electrode Puller (C. F. Palmer Ltd, London, UK). A diluted solution of metformin was directly injected into each mature oocyte in order to reach a final intracellular concentration corresponding to 20 nmol/l metformin, the intracellular free volume of such eggs being evaluated at 500 nl as described elsewhere [18] . Control oocytes were injected with an equivalent quantity of MBS. About 15 min after injection of the biguanide (or buffer), the cells were incubated for 60 min in 2 ml MBS containing either 50 nmol/l insulin or not. At the end of this incubation, oocytes underwent the same treatment and the activity of synthase a was measured on extracts as earlier reported in the text.
Statistical analysis.
Values were expressed as mean ± SEM and statistical significance was ascertained by a two-tailed Student©s t -test.
Results
Effect of metformin on glucose uptake and its incorporation into glycogen. The goal of our basic experiments was to check the positive role of metformin, when used at a therapeutically relevant concentration, on the metabolic action triggered by insulin in maturing Xenopus laevis oocytes (stages III and IV of development). For these studies, 10 to 60 defolliculated eggs were incubated at room temperature for 90 min either in the presence of the biguanide alone (20 mmol/l) or in combination with the hormone (2 mmol/l). Then 2 mmol/l D-[U- 14 C] glucose was added in order to evaluate the total amount of glucose transported across the oocyte membrane and its fraction incorporated into glycogen. Data from Table 1 clearly reveal first that, at this therapeutic concentration, the drug is not able to increase by itself the basal rates of glucose uptake and glycogen synthesis. In contrast, metformin combined with 2 mmol/l insulin strongly enhances both metabolic events. This table also shows that more than 40 % of the internalized sugar, due specifically to the action of metformin, is used for the synthesis of glycogen. In fact, out of 125 pmol of glucose taken up per hour by the oocyte (the difference between underlined data in the left column), 53 pmol is subsequently transferred per hour to the growing glycogen molecule (the difference between underlined data in the right column). The hormone almost doubles the rate of glucose incorporation into glycogen whereas the effect due to the presence of metformin in conjunction with insulin reaches 266 % of control (average values); this corresponds respectively to 39.4 and 82.7 pmol ⋅ h Effect of metformin on insulin-stimulated glycogen synthase activity. As glycogen synthase (GS) is the main rate-limiting enzyme involved in the hormonal regulation of glycogenesis, we next addressed the question whether metformin in vitro was able to potentiate insulin-induced GS activity in Xenopus oocytes. For these experiments we selected stages V and VI eggs, i. e. mature oocytes for which the observed enzymatic activity was very low and thus easily affected by the presence of agonists. After incubation under the same conditions as previously, except that glucose was withdrawn from the MBS buffer, oocytes were homogenized in an appropriate buffer intended to protect the activity of GS. After centrifugation, the extracts were assayed for GS activity as described in Methods. It should be mentioned that omis- Maturing cells, either untreated (control) or stimulated by 2 mmol/l insulin, were incubated in the presence or absence of 20 mmol/l metformin before measuring rates of total glucose entry and glycogenesis as described in Methods. Results are the mean ± SEM (n = 4, each conducted in duplicate). a Insulin effect significant at p < 0.001 compared to control basal conditions. b Metformin effect, in the presence of insulin, significant at p < 0.005 compared to hormone effect alone sion of glucose in this kind of study is justified by the fact that we were interested in testing the particular role of metformin on the stimulation of insulin-induced GS activity, independently of an overloading of sugar into oocytes. As shown in Table 2 , metformin alone has no effect on the activation of GS. However, the drug increases significantly (p < 0.005) the amount of the a -form above the level reached in the presence of insulin. It is also important to notice that, whatever the treatment of the oocytes, total GS activity is not modified. Further characterizing the effects of metformin on the activation of GS, Figure 2 shows that the drug is able to enhance dose-dependently the activity of synthase a when induced by insulin and this, at two concentrations of the hormone. However, for the highest concentration of insulin (2 mmol/l), a maximal activation of GS might be reached before metformin, present in the incubation medium, can exert its effect.
On the contrary, the increasing effect recorded with the low insulin level (50 nmol/l) over a broad metformin concentration range is more representative of the usual dose-response curve. This graph clearly demonstrates the potentiating effect of the biguanide: 20 mmol/l metformin with 50 nmol/l insulin give almost the same result (an increase of synthase a activity by 60--80 %) as insulin alone when tested at a concentration 10 to 20 fold greater. In addition, it appears that a significant stimulation of insulin action (p < 0.01) occurs at metformin concentrations in the range of 0.08--3.3 mg/ml (0.5--20 mmol/l) whereas maximal activation of GS activity is achieved at about 20 to 60 mmol/l (data not shown). It is noteworthy that higher concentrations of metformin (100 mmol/l and more) are no more effective since the biguanide abolishes the stimulatory effect of insulin. In another set of experiments, we tried to determine the influence of the time sequence of metformin addition relative to insulin treatment. We therefore tested the efficiency of metformin on GS activity when it was present in the incubation medium of the eggs, either before or after insulin addition. A slight, but not significant, increase in GS activity was recorded when metformin was added about 0.5--1 h before insulin (62.7 ± 4.1 % of synthase a, n = 4), relative to what is observed when both compounds are added at the same time (56.4 ± 3.6 % of synthase a, n = 3). In contrast, when the biguanide is added to the medium 15 min after insulin, the activity of GS is no more stimulated; indeed the percentage of synthase a remains unchanged (32.6 ± 4 %, n = 4) compared to the response obtained with insulin alone (31.1 ± 4.5 %, n = 3). Apparently, the enhancing effect only takes place in eggs submitted to a pretreatment with the biguanide before insulin addition.
Effect of injected metformin into oocytes on GS activity induced by insulin. In accordance with the recent work of Khan and colleagues [10] , we further investigated the efficiency of metformin on hormonal action when the compound was directly microinjected into Intact ripe oocytes were incubated according to experimental conditions described under Methods section, before measuring the enzyme activity. For each treatment total (a + b ) and active (a) forms of GS activity as well as the percentage of active form (i. e. synthase a ) are given. Results are the mean ± SEM (n = 4 or 6).
a Insulin effect significant at p < 0.001 compared to control basal conditions. b Metformin effect, in the presence of insulin, significant at p < 0.005 compared to insulin effect alone Fig. 1 . Lineweaver-Burk representation of concentration dependent 3-0 -methylglucose transport into oocytes. The oocytes were first incubated for 90 min either in MBS alone or in MBS containing 2 mmol/l insulin in the presence or absence of 20 mmol/l metformin. Initial rates of hexose uptake were then measured after 10 min, using two groups of 20 eggs per point oocytes. Hence, we compared the influence of metformin on insulin-mediated GS stimulation according to the method of drug application to these cells, either by simple incubation of metformin in the medium with insulin, or via its prior injection directly inside the eggs. The data presented in Figure 3 show that a preinjection of 20 nmol/l metformin per oocyte (corresponding to the estimated level present inside the eggs when incubated in 10 mmol/l metformin) potentiates insulin-induced GS activity. The mean increase in the level of synthase a observed when oocytes are microinjected with metformin is significantly lower than with eggs incubated in the presence of the same substance (p < 0.01 vs p < 0.005, see Table 2 for comparison). Moreover, the injection of higher quantities of drug (up to 150 nmol/l metformin per oocyte) fails to increase the amount of synthase a whereas the smallest active dose of microinjected metformin required to stimulate insulin action is around 1 nmol/l. With respect to this last finding, one may hypothesize that metformin should be able to modify some molecular events specifically implicated in the insulin signalling cascade leading to an increased GS activity.
Discussion
The main purpose of the present work was to re-assess the in vitro potentiating action of metformin on the most relevant metabolic function of insulin, namely glucose metabolism. We thus took advantage of the unique physiological features as well as some technical possibilities offered by our experimental model, the oocyte of Xenopus laevis. In addition to ease of handling, these large cells possess both insulin and insulin-like growth factor-1 (IGF-1) receptors [19] and, consequently, respond to the hormone or its agonist in a specific manner by increasing glucose transport [20] and by stimulating the maturation process [21] . As has been shown in our laboratory insulin is also the main induction signal required to promote glycogenesis in these sensitive cells, we therefore examined the effect of metformin treatment on this metabolic pathway mediated by the hormone. In contrast to authors who have focused on the effects of the biguanide on glucose transport by working with non-metabolizable glucose analogues [22, 23] , we used D-glucose that allowed us to analyse the fate of this sugar once taken up by the oocyte, following the hormonal signal combined with metformin. Indeed, it is not only the hexose transport itself but its incorporation into the glycogen, catalysed by Fig. 3 . Effect of metformin microinjected into oocytes (R), either on basal glycogen synthase activity or on insulin-induced enzyme activity ( ). Oocytes were first preinjected with metformin (at a final concentration of 20 nmol/l into each egg), or with an equivalent amount of MBS buffer. These groups of oocytes were then incubated for a further 60 min in the absence or presence of 50 nmol/l insulin, before assaying glycogen synthase activity in extracts as indicated in Methods. The data shown are the mean ± SEM (n = 4). ** p < 0.005 (compared to basal activity without metformin), * p < 0.01 (compared to insulin-stimulated activity). Total activity of glycogen synthase in this set of experiments is 246.9 ± 10.3 nmol ⋅ min Fig. 2 . Dose response curves for the effect of metformin on insulin-induced glycogen synthase a -form activity (expressed as % of total activity). The oocytes were incubated in the presence of the indicated concentrations of insulin, with increasing concentrations of metformin (0--2 mmol/l). After these treatments, each group of cells was homogenized and the samples obtained after centrifugation were then assayed for glycogen synthase activity as described in Methods. The results shown are the mean ± SEM (n = 4). * p < 0.01, ** p < 0.005 (both compared to insulin effects without metformin). The basal percent of a -form glycogen synthase activity in untreated oocytes was 21.3 ± 3.8 % the active form of glycogen synthase, which should warrant our model system. In agreement with many in vivo studies making use of typical hormone target cells from diabetic or healthy animals, we found that, while having no effect alone on the basal rates of glucose uptake and glycogen synthesis, metformin was able to increase both metabolic processes when combined with insulin. Interestingly, under such conditions, almost 50 % (average value) of glucose entering the oocyte is converted into glycogen. This observation is essential in the context of our work. Indeed, as the predominant impairment of insulin-stimulated glucose metabolism in non-insulin-dependent diabetic subjects is a decrease in glucose storage [24] , the in vitro stimulatory action of metformin, characterized by an improvement of insulin-mediated [ 14 C] glucose incorporation into oocyte glycogen, may represent one of the mechanisms whereby the biguanide exerts, in vivo, its hypoglycaemic actions on sensitive cells. However, it was also suggested that biguanides behave in an opposite manner by exerting a glycogenolytic action [25] . This apparent discrepancy is obviously the result of quite different experimental conditions in terms of glucose content of the incubation medium, initial glycogen stores, duration of drug exposure and, mainly, concentration of biguanide used. In the present case, metformin at a therapeutic dose (20 mmol/l), i. e. corresponding to levels normally found in plasma [26] , allowed results to be obtained which corroborate previous findings in favour of an improvement of insulin action [27--30] .
The increased glycogen deposition in Xenopus oocytes could be accounted for by a stimulatory action of metformin at the level of the glucose transporters system, leading to a greater quantity of sugar pulled into glycogen through the action of GS. Since the present experiments were performed with maturing oocytes whose GS activity is already maximal in the absence of any treatment, we may assume that no change occurs at this level although we cannot exclude other cellular alterations. In agreement with recent studies, especially those revealing the ability of this anti-diabetic agent to restore a substantial defect in glucose uptake by erythrocytes, and more precisely in their capacity to store glucose as glycogen [31, 32] , the present observations further support the evidence that metformin should primarily act by affecting the oocyte glucose transport system. From preliminary kinetic experiments with eggs deprived of GLUT4, it seems likely that the change in V max observed for the transport of 3-0 -methylglucose should mainly reflect an alteration of the intrinsic properties of glucose carriers located at the cell surface, rather than a translocation of specific transporters from an intracellular compartment. Whatever the mechanism(s) proposed, the latter effects, presumably exerted by metformin alone, and insufficient by themselves to explain the whole process, must be a complement to those initiated by insulin to elicit an enhanced glycogen synthesis from increased glucose uptake.
In addition, recent observations tend to prove that GS is not only regulated by the rate of glucose transport, but that stimulation of GS also contributes to a net accumulation of this polysaccharide in response to insulin within glycogen rich tissues such as liver and muscle [33--35] . As glycogen is also a main end product of glucose metabolism in amphibian oocytes, we next studied the in vitro action of metformin on insulin-induced GS activity. Our results, similar to those previously reported [36] , demonstrate that metformin stimulates the active form of this enzyme whereas it does not affect its total activity, thereby making it unlikely that enzyme expression is increased. Data from dose-response experiments achieved on fullgrown oocytes also provide clear evidence that metformin, at least in a therapeutic range, exerts its action by reducing insulin requirements for GS activation. At this point it is also interesting to note that higher metformin levels antagonize the action of insulin. This result is similar to those found by other researchers [5, 29] who observed that such doses of the drug (50 and 125 mg/ml), applied to cultured rat hepatocytes, caused a significant reduction of glycogenesis stimulated or not by insulin. Nonetheless, the magnitude of the beneficial effect, that partly depends on the variability among ripe oocytes in terms of responsiveness to insulin and basal enzyme activity, is above all influenced by prevailing insulin levels. High doses of this hormone, ranging from 2 to 10 mmol/l, should prevent any further increase of GS, even after a prolonged presence of metformin in the incubation medium deprived of glucose. We therefore chose a concentration of insulin close to physiological (50 nmol/l). This allowed a highly significant effect of the drug to be seen from which we may infer that metformin actually sensitized the oocytes to the action of insulin.
These findings clearly suggest that metformin may act upon the same pathway as insulin, by modulating some of its biochemical steps. This hypothesis is strongly supported by our microinjection experiments. For the first time, we observed that a prior injection of metformin into Xenopus oocytes (at a final intracellular concentration ranging from 1 to 20 nmol/l) is effective in stimulating insulin-induced GS activity. Together with data on oocyte maturation which is also amplified by metformin once microinjected [10] , it is tempting to speculate on an intracellular action of metformin, not necessarily dependent on insulin as suggested by some authors [11] , but that must certainly be an essential prerequisite for the potentiation mechanism. These interesting observations are in some way complementary to results observed when metformin is added to the incubation medium prior to the hormone. To some extent, it is likely that the biguanide needs to penetrate into the cell membrane in order to exert either its own effects or the effects directly linked to most of cellular events triggered by insulin. However, the necessity for a complete internalization of the molecule is not yet demonstrated. It seems therefore worth performing further investigations in order to clarify this point.
In conclusion, our results firstly confirm the usefulness of the Xenopus laevis oocyte as an experimental pharmacological model, well designed to verify and investigate the mechanisms of the clinically well-known potentiation of insulin by metformin. Secondly, from the data presented here, it seems reasonable to conclude that under appropriate conditions metformin improves insulin action by modulating the intrinsic activity of pre-existing glucose transporters and/or by facilitating some early regulatory steps along the signalling chain linked to GS. It is thus conceivable that both events, which relative importance probably depends on the physiological setting of cells, should contribute to an enhanced metabolism of glycogen storage in response to metformin.
